A general approach to the formation of well-faceted nanoparticles is discussed and successfully applied to the production of several rare-earth scandates. Two steps were used, with higher temperatures first to nucleate the perovskite phase, followed by lower temperatures to smooth the particle surfaces. Exploiting these two different regimes led to smaller nanoparticles with more faceting. This general approach may be tailored to other material systems as a step towards producing shape-controlled nanoparticles for a desired application.
Introduction
Nanoparticles are used in an impressive number of applications, such as heterogeneous catalysis [1] , plasmonics [2] , cosmetics [3] , reinforcing agents in advanced metals [4] , and drug delivery [5] , to name only a few. Nanomaterials containing rare-earth elements have particular functionality in biomedical applications and luminescence because of their low toxicity, chemical stability, and unique f -electrons [6, 7] . The size of a particle can affect its electronic properties [8, 9] , optical properties [10, 11] , and coupled phenomena such as ferroelectricity [12, 13] . In some cases, the size may also alter which phase is formed, which can change the properties altogether [14] . Nanoparticle surfaces play an important role in dictating the overall properties with decreasing size. Different surfaces exhibit different adsorption behavior, which in turn affects the ability of a material to catalyze reactions [15] [16] [17] , to act as a gas sensor [18] [19] [20] , or to be functionalized with various molecules [21, 22] . The shape of a particle also plays a role in tuning material properties such as ferromagnetism [23] [24] [25] or cellular internalization [26] . Therefore, it is the combination of nanoparticle composition, size, surfaces, and shape that ultimately defines their properties.
A notorious issue with producing nanoparticles is reproducibly controlling their shape and size. There are two ways one can handle this issue scientifically. The first is to deal with producing the material as a nucleation and growth problem. In the thermodynamic limit, what should be produced is the thermodynamic Wulff shape [27] [28] [29] . With step-flow growth in the kinetic limit, the kinetic Wulff shape should be produced [30, 31] . Other cases, such as when diffusion in the fluid during growth is rate-limited [32] [33] [34] , are also well established. With estimates or measurements of terms such as activation energy barriers, one can predict how to control the particle shape and size. However, in many cases, particularly for solution-based growth, the product is often more empirical, and a second approach is used; one iteratively varies parameters with some informed knowledge to produce the desired shape. In the contemporary literature, this has led to approaches that frequently work, but success is not guaranteed. There are advantages to approaching the problem as one of nucleation and growth instead. In a recent analysis of the growth of KTaO 3 nanoparticles [35] , it was determined that the growth process could be subdivided into two regimes, one with a high chemical potential difference where terrace nucleation and rough-stepped surfaces dominated, and one with a lower chemical potential difference where step-flow growth annihilated steps to smooth surfaces. This analysis leads to predictions regarding which parameters need to be varied to control the nucleation and growth processes, ultimately tuning the conditions to produce particles with specific shapes or sizes.
Our target materials here are the rare-earth scandates (REScO 3 ), which can adopt a wide range of lattice parameters by varying the rare earth [36] . Only the larger rare-earth elements (RE = La-Dy) form in the perovskite phase with scandium, whereas the bixbyite structure is formed with the smaller rare-earth elements (RE = Y, Ho-Lu) [37] [38] [39] . LuScO 3 , for example, has only formed the perovskite phase when epitaxially stabilized on a NdGaO 3 or DyScO 3 substrate [40] . As these materials have mostly been used as dielectrics [41] , substrates [36] , and recently, flexoelectrics [42] , they have often been prepared as thin films by atomic layer deposition [43] or pulsed laser deposition [44, 45] , or as single crystals using the Czochralski technique [36] . Using these materials in applications that require high surface area powders, such as heterogeneous catalysis [46] or gas capture [47] and separation [48] , requires a different approach. Unfortunately, there are currently no reports of any solvothermal synthesis of REScO 3 , likely owing to the negligible solubilities of the basic large rare-earth oxides in the alkaline conditions typically used to produce oxide nanoparticles [49] .
We recently reported that high surface area GdScO 3 particles could be produced at 300 • C through the decomposition of a mixed-cation hydroxide hydrogel in a humid environment within a sealed autoclave [50] , but the method was not able to produce particles with a controlled size, surface structure, or morphology. The intention of this note is to provide specific information on a two-step approach where we have successfully exploited nucleation and growth to produce well-faceted particles of rare-earth scandates by first using a higher temperature in a furnace with better control of the humidity to nucleate the relevant oxide, then a lower temperature to control step-flow growth to smooth the surface. We suggest that this is a route towards consistent and reproducible production of shape-controlled nanoparticles that we argue is quite general.
Materials and Methods
Faceted REScO 3 nanoparticles were produced as follows. First, a rare-earth nitrate precursor was prepared by dissolving 4 mmol of RE 2 O 3 (RE = La, Nd, Sm, Gd) and Sc 2 O 3 in 20 mL of 15.8 N nitric acid maintained at 80 • C until the liquid evaporated. The nitrate precursor was then dissolved in 20 mL of deionized water and added dropwise to 50 mL of 10 M NaOH to precipitate a gel. This gel was cleaned several times by rinsing with deionized water and centrifuged before being transferred to an alumina boat and then to a tube furnace. Argon gas was flowed through a bubbler filled with deionized water placed upstream to create a humid growth environment. The water vapor pressure after the bubbler was estimated to be 23.4 mbar, assuming complete saturation of the Ar flow at room temperature. For completeness, we note that compared to prior work in autoclaves, the chemical potential of the water vapor was better controlled because the humidity was decreased and more consistent using the bubbler and tube furnace. The gel was either subjected to a one-step heat treatment at a temperature between 200 and 450 • C for 2 days to determine the optimum reaction conditions, or a two-step heat treatment with a high-temperature step at 450 • C for 2 days followed by a low-temperature step at 300 • C for 1 day, to produce faceted nanoparticles. Based upon the results of the one-step heat treatments, these temperatures were identified as appropriate for nucleation (450 • C) and surface smoothing (300 • C), respectively. The final products were rinsed with deionized water and centrifuged several times, then put into an oven at 80 • C to dry overnight.
Powder X-ray diffraction (PXRD) was performed on a Rigaku Ultima diffractometer (Rigaku Corporation, Tokyo, Japan) using a Cu K α source operated at 40 kV and 44 mA. Secondary electron (SE) imaging was performed on a Hitachi HD-2300 (Hitachi, Ltd., Tokyo, Japan) scanning transmission electron microscope operated at 200 kV. For completeness, we note that the SE images did not show the surfaces of these materials as clearly as with other oxides, owing to the long mean-free path of the low-energy secondary electrons and the near co-incidence of the vacuum level and band gap as discussed elsewhere [42] . High-resolution electron microscopy (HREM) was performed on a JEOL ARM300F GrandARM S/TEM (JEOL, Ltd., Tokyo, Japan) operated at 300 kV. Figure 1 shows PXRD patterns of the GdScO 3 nanoparticles produced using a single temperature between 200 and 450 • C for 2 days in a humid environment. At 200 • C, only Gd(OH) 3 was formed. At 250 and 300 • C, GdScO 3 was the primary phase, but GdOOH was also present. At higher temperatures, the product was nearly entirely GdScO 3 , with a minimal amount of Gd 2 O 3 . The morphology of GdScO 3 particles produced at different temperatures was studied using SE imaging ( Figure 2 ). The lower temperature conditions yielded large particles with evident faceting. In contrast, at higher temperatures, the perovskite particles were smaller in size and had less-defined faceting. Scherrer analysis of the X-ray diffraction patterns indicated that the average particle size decreased with increasing reaction temperature; average particle sizes of 93.4(7) nm, 58.5(4) nm, and 51.0(4) nm were calculated for particles produced at 350, 400, and 450 • C, respectively. did not show the surfaces of these materials as clearly as with other oxides, owing to the long meanfree path of the low-energy secondary electrons and the near co-incidence of the vacuum level and band gap as discussed elsewhere [42] . High-resolution electron microscopy (HREM) was performed on a JEOL ARM300F GrandARM S/TEM (JEOL, Ltd., Tokyo, Japan) operated at 300 kV. Figure 1 shows PXRD patterns of the GdScO3 nanoparticles produced using a single temperature between 200 and 450 °C for 2 days in a humid environment. At 200 °C, only Gd(OH)3 was formed. At 250 and 300 °C, GdScO3 was the primary phase, but GdOOH was also present. At higher temperatures, the product was nearly entirely GdScO3, with a minimal amount of Gd2O3. The morphology of GdScO3 particles produced at different temperatures was studied using SE imaging (Figure 2 ). The lower temperature conditions yielded large particles with evident faceting. In contrast, at higher temperatures, the perovskite particles were smaller in size and had less-defined faceting. Scherrer analysis of the X-ray diffraction patterns indicated that the average particle size decreased with increasing reaction temperature; average particle sizes of 93.4(7) nm, 58.5(4) nm, and 51.0(4) nm were calculated for particles produced at 350, 400, and 450 °C, respectively. The calculated pattern for GdScO3 is plotted on the bottom. Gd(OH)3 (blue *) was the only crystalline product formed at 200 °C, implying that ΔGrxn, as defined later in the text, is positive. Between 250 and 300 °C, both GdScO3 and GdOOH (purple † ) are formed, suggesting ΔGrxn is negative but small in absolute value. Above 300 °C, GdScO3 is the primary phase, with only a small amount of Gd2O3 (red ‡ ) as a secondary phase, so ΔGrxn is negative and large in absolute value. 3 (blue *) was the only crystalline product formed at 200 • C, implying that ∆G rxn , as defined later in the text, is positive. Between 250 and 300 • C, both GdScO 3 and GdOOH (purple † ) are formed, suggesting ∆G rxn is negative but small in absolute value. Above 300 • C, GdScO 3 is the primary phase, with only a small amount of Gd 2 O 3 (red ‡ ) as a secondary phase, so ∆G rxn is negative and large in absolute value.
Results

A two-step heat treatment (450 • C for 2 days, followed by 300 • C for 1 day) was performed for several REScO 3 (RE = La, Nd, Sm, Gd). Only the larger RE elements were investigated, because only they react to form the perovskite phase. In fact, an attempt to make LuScO 3 only produced a solid solution in the bixbyite structure, as expected [37] [38] [39] . PXRD patterns of the REScO 3 (RE = La, Nd, Sm, Gd) (Figure 3 ) confirmed that perovskite REScO 3 was the primary phase, with minimal amounts of RE(OH) 3 and/or RE 2 O 3 as secondary phases. The perovskite particles were faceted as shown in the SE images of Figure 4 ; an example HREM image and corresponding power spectrum of a NdScO 3 particle in Figure 5 show that the particles were primarily pseudo-cubic {100}-and {110}-terminated. A two-step heat treatment (450 °C for 2 days, followed by 300 °C for 1 day) was performed for several REScO3 (RE = La, Nd, Sm, Gd). Only the larger RE elements were investigated, because only they react to form the perovskite phase. In fact, an attempt to make LuScO3 only produced a solid solution in the bixbyite structure, as expected [37] [38] [39] . PXRD patterns of the REScO3 (RE = La, Nd, Sm, Gd) ( Figure 3 ) confirmed that perovskite REScO3 was the primary phase, with minimal amounts of RE(OH)3 and/or RE2O3 as secondary phases. The perovskite particles were faceted as shown in the SE images of Figure 4 ; an example HREM image and corresponding power spectrum of a NdScO3 particle in Figure 5 show that the particles were primarily pseudo-cubic {100}-and {110}-terminated. 2 . SE images of GdScO3 produced at 350, 400, and 450 °C. GdScO3 grown at lower temperatures had a less negative ΔGrxn and consequentially had more faceting and were larger than particles grown at higher temperatures (see later discussion). Note that SE images do not show the surfaces of GdScO3 as clearly as other oxides do, as discussed in the text.
A two-step heat treatment (450 °C for 2 days, followed by 300 °C for 1 day) was performed for several REScO3 (RE = La, Nd, Sm, Gd). Only the larger RE elements were investigated, because only they react to form the perovskite phase. In fact, an attempt to make LuScO3 only produced a solid solution in the bixbyite structure, as expected [37] [38] [39] . PXRD patterns of the REScO3 (RE = La, Nd, Sm, Gd) ( Figure 3 ) confirmed that perovskite REScO3 was the primary phase, with minimal amounts of RE(OH)3 and/or RE2O3 as secondary phases. The perovskite particles were faceted as shown in the SE images of Figure 4 ; an example HREM image and corresponding power spectrum of a NdScO3 particle in Figure 5 show that the particles were primarily pseudo-cubic {100}-and {110}-terminated. . SE images of REScO3 (RE = La, Nd, Sm, Gd) produced using the two-step heat treatment at 450 °C for 2 days and then 300 °C for 1 day. Smaller particles were produced because the hightemperature step had a more negative ΔGrxn, which led to a higher nucleation rate. The particles are more faceted because the low-temperature step had a less negative ΔGrxn, so step-flow terrace growth dominated. Note that SE images do not show the surfaces of REScO3 as clearly as other oxides do, as discussed in the text. . SE images of REScO 3 (RE = La, Nd, Sm, Gd) produced using the two-step heat treatment at 450 • C for 2 days and then 300 • C for 1 day. Smaller particles were produced because the high-temperature step had a more negative ∆G rxn , which led to a higher nucleation rate. The particles are more faceted because the low-temperature step had a less negative ∆G rxn , so step-flow terrace growth dominated. Note that SE images do not show the surfaces of REScO 3 as clearly as other oxides do, as discussed in the text. Figure 4 . SE images of REScO3 (RE = La, Nd, Sm, Gd) produced using the two-step heat treatment at 450 °C for 2 days and then 300 °C for 1 day. Smaller particles were produced because the hightemperature step had a more negative ΔGrxn, which led to a higher nucleation rate. The particles are more faceted because the low-temperature step had a less negative ΔGrxn, so step-flow terrace growth dominated. Note that SE images do not show the surfaces of REScO3 as clearly as other oxides do, as discussed in the text. 
Discussion
The results illustrate an approach where higher temperatures are exploited for nucleation, and lower temperatures for growing well-faceted nanoparticles. We will begin by discussing the reaction from the rare-earth hydroxide hydrogel to the perovskite REScO 3 , then the approach to size and shape control.
Our previous report [50] on the formation of crystalline GdScO 3 from a mixed-cation hydroxide hydrogel in a water vapor-assisted reaction [51] noted the role that the humid conditions played in both preserving an open gel matrix and providing the necessary diffusion for the reactions that produced the perovskite, as insufficient diffusion instead produced an amorphous xerogel. Based on the observed products, there were two competing reactions at play:
Reaction (1) accounts for the formation of our desired products (the perovskite phase and water), whereas reaction (2) produces undesired phases which may be in the form of rare-earth oxides, hydroxides, or oxide hydroxides. Equivalently, this competition can be represented by the following reaction:
In reaction (3), the non-standard state Gibbs free energy change of reaction (∆G rxn ) is the difference between the non-standard state Gibbs free energy change of reaction of the desired products (the perovskite phase and water) vs that of the possible undesired products (rare-earth oxides, hydroxides, or oxide hydroxides). When ∆G rxn is negative, the perovskite phase and water will form; when positive, the rare-earth oxides, hydroxides, or oxide hydroxides. Increasing the amount of water will increase ∆G rxn and lead to the formation of the rare-earth hydroxides. In the previous work, the gel was heated in a sealed autoclave, where increases in temperature also increased the pressure. However, temperature and pressure affect the chemical potential of the water vapor in opposite ways-higher temperatures decrease the chemical potential, whereas higher pressures increase the chemical potential-which confounds good experimental control. Under such conditions, the increasing temperature increases the vapor pressure of the water, and while the increase in temperature decreases the chemical potential of the water because of the greater entropic contribution of the water vapor, the increase in pressure increases the chemical potential because of the greater work done by the water vapor. In the work herein, the pressure does not change, so the consequences of increasing the temperature are much more predictable.
PXRD studies (Figure 1 ) of the products at various temperatures provided insight into the ∆G rxn of forming GdScO 3 from the mixed cation hydroxide gel. Below 250 • C, ∆G rxn was positive so GdScO 3 was not formed. Between 250 and 300 • C, GdScO 3 began to form, suggesting that ∆G rxn was negative but close to zero in this temperature range. With increasing temperature, ∆G rxn became increasingly more negative, which increased the driving force to forming GdScO 3 . We note that the identity of the non-perovskite phase changed as a function of temperature. At 200 • C, when no perovskite was produced, the phase that was formed was Gd(OH) 3 . Between 250 and 300 • C, where the perovskite phase began forming, the other phase was GdOOH rather than Gd(OH) 3 . At higher temperatures still, the secondary phase was Gd 2 O 3 . This increased dehydration from Gd(OH) 3 to GdOOH to Gd 2 O 3 was expected with increasing temperature because of the substantial entropy of gaseous H 2 O. The fact that the onset of forming the perovskite phase correlated with the onset of GdOOH may imply that the dehydration from Gd(OH) 3 to GdOOH was a necessary step for subsequent reaction into GdScO 3 . We note that the ancillary evidence supports the hypothesis that the formation of REOOH is a necessary step for the hydrothermal synthesis of REMnO 3 [52] . However, the formation of REOOH was not observed with LaScO 3 , NdScO 3 , and SmScO 3 , where RE(OH) 3 was the only other identified secondary phase. The possibility of REOOH rehydrating into RE(OH) 3 upon cooling could not be discounted and requires in situ experiments to investigate further.
Turning to the particle shape, in addition to the phase, the dominant nucleation and growth mechanisms also evolved with changes in ∆G rxn . The three key components are (1) particle nucleation, where a small particle is nucleated from the gel, (2) terrace nucleation, where new terraces are nucleated atop existing terraces, and (3) terrace growth, where existing terraces on the particle surface grow laterally until they reach the edge of the particle and are annihilated, leading to smooth facets. While all three mechanisms occur, it is the mechanism with the highest rate that will determine the final shape and size. When ∆G rxn is positive, the desired reaction to produce the perovskite does not occur. When ∆G rxn is negative but small, the reaction occurs with a relatively small driving force and growth processes due to heterogeneous nucleation, such as terrace nucleation and terrace growth, are favored so large particles with smooth surfaces are formed. With an increasingly negative ∆G rxn , the driving force of the reaction increases such that processes due to homogeneous nucleation can occur more readily, which leads to a high particle nucleation rate and consequently small particles. Between the two growth mechanisms, terrace nucleation has a higher rate than terrace growth, so the particle surfaces are rougher. These understandings agree well with the particle size and morphology observed through the SE imaging (Figure 2 ) of GdScO 3 produced at various temperatures. At lower temperatures, where ∆G rxn was small and negative, terrace nucleation and growth dominated, which led to the formation of larger particles with smoother facets. With increasing temperature, ∆G rxn became increasingly more negative, such that particle nucleation dominated and produced more particles that were smaller and had less well-defined surfaces and morphology. Scherrer analysis of the X-ray diffraction patterns indicated that the average particle size decreased with increasing reaction temperature, as predicted. At the lower temperatures, nucleation of the rare-earth scandates can proceed over an extended time, which will lead to a distribution of sizes; the small GdScO 3 particulates also observed in Figure 2 reflect this.
Two different sequential reaction conditions are necessary for better-faceted and smaller nanoparticles: a step with a large negative ∆G rxn to promote the reaction to the desired product and nucleate many small but rough particles with high surface area, followed by a step with a small negative ∆G rxn to promote terrace growth that smooths the surfaces leading to well-defined facets. For this particular reaction, meeting these conditions involved a high-temperature nucleation step followed by a low-temperature smoothing step. Temperatures of 450 and 300 • C were chosen for nucleation and smoothing, based on the one-step heat treatment results. SE imaging of REScO 3 (RE = La, Nd, Sm, Gd) particles (Figure 4 ) confirmed that these conditions led to smaller and better faceted particles, as the GdScO 3 particles produced with the two-step heat treatment ( Figure 4 ) were more faceted than those produced with only a single nucleation step (Figure 2 ). Increasing the nucleation temperature further would likely increase the nucleation rate and reduce particle size [35] . In addition, the small particulates found in the one-step samples were no longer present in the two-step heat treatment. This follows expectations; at the lower temperature of the second step, homogeneous nucleation of new particles will be suppressed, while growth via (slow) nucleation of new terraces on existing particles and (faster) step-flow growth will dominate. NdScO 3 , SmScO 3 , and GdScO 3 formed particles that were cuboidal in shape, terminated by pseudo-cubic {001} surfaces, with edges truncated by the pseudo-cubic {110} surfaces. Evidence for this can be found in the HREM image and corresponding power spectrum of an NdScO 3 particle in Figure 5 . Further analysis of the REScO 3 surface structures is ongoing. LaScO 3 appeared to be less faceted, a difference that may suggest the temperature for terrace growth is lower for LaScO 3 than for the other REScO 3 . We hypothesize that a higher yield of particles with strong faceting can be achieved by optimizing the temperature and duration of the nucleation and smoothing steps for each material.
Conclusions
A method for producing faceted REScO 3 nanoparticles based upon a two-step process is described. Higher temperatures are used in the first step to nucleate particles and lower temperatures in the second step to promote surface smoothing. This approach-exploiting the nucleation and growth mechanisms-is not unique to this system, and can be utilized to inform reaction conditions and thereby tailor morphology and surface structure in general.
